ABSTRACT
Introduction
It is well known 1,2 that some systems tends to self-organize if driven to a state far from thermodynamic equilibrium. In particular, a pendulum effect is observed when, under such conditions, several processes are taking place simultaneously and there is a feedback. Typical examples include: in chemistry the Zhabotinski-Belousov reaction, in ecology the time evolution of rabbits and lynx populations in Canada and so forth. So, it is quite obvious to ask whether there are certain conditions under which a crystallization pendulum will be observed. In fact, during selfsustained explosive crystallization of amorphous films, surface undulations are induced by periodically varying crystallization rates resulting from a thermal instability 3 . In this process, the growth front advances so rapidly that heat diffusion from positions not immediately behind the transformation boundary is not able to keep pace. This, in turn slows down the growth velocity that can increase again as heat diffuses back to the boundary. In this contribution we will show that in addition to growth oscillations occuring dependent an the position along the advancing growth front, under certain conditions crystal shapes may exhibit (strongly damped) oscillations. To elucidate this we investigate the crystallization of glass-forming melts for two reasons: i-Glasses are non-equilibrium systems in which one can easily initiate a controlled nucleation under conditions at which the linear crystal growth rate is quite limited. At a second stage, the sample can be annealed at a temperature suitable for crystal growth but not for nucleation. In this way, the volume V from which crystals could consume molecules for growth is controlled.
ii-The composition of the glass can be varied over in a wide range so that the initial concentration C in and the equilibrium composition C eq are subject to precise setting. Recently, two multi-component systems were found to exhibit a crystallization during which the length of the crystals increases at early stages and than switches to a decreasing time dependence 4 . The aim of the present contribution is to propose a theoretical model describing this behavior. Although we are aware of the fact that a general theory would have to consider much more effects including direction-dependent surface energies, stresses developed in the surrounding glass, different crystallization mechanisms, anisotropic diffusion etc. we present an initial, simplified model since we intend to announce the effect and moreover the agreement with experimental data is surprisingly good.
The model
We consider the growth of a crystal of cylindrical shape with radius R and length 2X as shown in Fig. 1 . The crystallization takes place from a solution (in the present case it is a glassforming melt of complex composition). During growth, the crystal incorporates a given compound from the melt so that its concentration is reducing with time. The growth rate in each direction is depending on the size in the perpendicular direction (capillary effect) and on the decrease of the concentration. The time evolution of the crystal morphology is therefore controlled by the following system of coupled differential equations:
The three functions (f,φ,ψ) are time t dependent (through C, R, and X). The supersaturation for the infinitely large crystal ( ∆µ ∞ = kT ln C(t) C eq ) is determined assuming an ideal solution. It is essential that the growing crystal is: i-very small so that capillary effects play an important role and ii-the shape is not necessarily an equilibrium one. Under these conditions the supersaturation controlling the growth rate in X direction becomes:
In the same way the supersaturation that controls the rate with which the thickness R of the cylinder increases is:
Here σ R and σ X are the corresponding surface energies as illustrated in Fig. 1 , and V m is the molar volume of the crystal. In eqs.(2,3), the second terms on the right hand side account for the size effects. The equilibrium shape condition follows straightforward from eqs. (2,3) .
In any direction Y (Y stands for X or R) the growth rate is given 5, 6 , in general, as:
Here 
We consider a system with a volume V inside which a crystal is growing. The number of moles is
where C cr is the molar concentration in the crystal. Actually, this corresponds to a glass-forming melt with a large number of growing crystals, so that each crystal can consume material from a limited volume only. It follows that at time t the concentration C depends on the enlargement of the crystal as follows:
Finally, the system of coupled differential equations has the form:
The numerical solution of the system given by eq. (9) is depicted in Fig. 2 with the simplest approximation that both W X and W R are constants.
# The values of the parameters used are as follows: W R =0.1, and all other parameters (W X ,
, R in and X in ) are set equal to 1.
Although the initial shape is an equilibrium one (see eq. (4)), the crystal starts to grow much faster in the X direction (because W X is much larger than W R ) . The concentration drops fast from the initial value C in =0.9 to a value just slightly above C eq =0.1. At that moment there is a considerable size effect caused by the relatively small radius R of the cylinder. In the same time its length is much larger. This causes a slow down and later even a reverse of the crystallization along the X axis while the thickness is still increasing.
Discussion
The results presented in Fig. 2 are rather qualitative. The aim is just to demonstrate that there could be a crystallization pendulum. The growth shape of some layered crystals, e.g. mica, is plate-like, instead of cylindrical. This corresponds to W R /W X > 1 (large R and small X). The result # The computer code, however, is capable to solve the system also for the case of W X and/or W R being dependent on is quite similar to the one given in Fig. 2 , only this time the curves marked with X and with R interchange and the X/R curve goes through a minimum.
Most of the simulation parameters are just set to 1. This does not mean that we have to start always from an equilibrium form of a quite isometric crystal. The effect applies for any mechanism of crystal growth. If, for instance, the growth is controlled by screw dislocations Archimedian spirals are formed on the surface. The distance δ between two steps of a spiral is given according to Refs. 8, 9 by
It is usually assumed (see Refs. 5 and 6) that
To illustrate the possibilities of the present approach we model a growth of a cylindrical plate the thickness X increase of which is controlled by spiral growth (W R is determined by eq. (11)), while the increase of the radius is controlled by a normal growth mechanism with W X =0.2. Even in its preliminary form our model gives result in agreement with experimental data 3 as illustrated in Fig.  3 for the growth of phlogopite plates. We did not try to find a set of parameters that will fit better the experiment because we think that at the present stage it might be misleading. The lack of more detailed information on the surface energy, how it changes for different surface and without a detailed knowledge on the mechanism of crystallization one can easily overestimate some of parameters on the expense of others. In future we will investigate the influence of each of the parameters involved and their possible time dependence on the final result. Moreover, the influence of other effects not considered at this stage (such as stresses developed around the growing crystals, anisotropic and grain boundary diffusion etc.) will be checked.
It seems that there are many other examples of processes in non-equilibrium systems in which a given parameter is developing, at early stages, far beyond it equilibrium value and later, when the resources of the system are becoming exhausted, it relaxes back to equilibrium. 
Fig. 1 Schematic presentation of a cylindrical crystal (A) and a cylindrical plate (B).

